CONTENTS 


Orientation of Research Needs 
Associated with Environment of Closed Spaces 


William T. Ingram 


Prediction of Cratering Caused by 
Meteoroid Impacts...............M. Kornhauser 


Temperature Equilibria in 
Spacer enicles oe). i ee ie ee ine R. A. Cornog 


Book Reviews 


1E AMERICAN ASTRONAUTICAL SOCIETY, INC. 


ae 


ol 


58 


64 


68 


THE AMERICAN ASTRONAUTICAL SOCIETY, INC. 


516 Fifth Avenue, New York 36, New York, U.S.A. 


1958 BOARD OF DIRECTORS OF SOCIETY 


Ross Fieisia, President 
Sperry Gyroscope Co. 


Dr. George R. Arruur, Vice Pres. 
Radio Corp. of America 


JORGEN JENSEN, Vice President 
The Martin Co. 


Dr, Paut A. Lipsy, Adm. Vice Pres. 
Brooklyn Polytechnic Institute 


Grorce Nestor, Treasurer 
Avion Div.- ACF Industries, Inc. 


LeRoy 8. McMorrts, Rec. Secretary 
Merritt-Chapman and Scott Corp. 


AupHonss P. Mayernik, Corr. Secretary 
Plainedge Public Schools 


Dr. ALLAN B. CruNDEN, JR., (1958) 
Chm. Editorial Advisory Board 


Epwarp H. Herneman, (1960) 
Douglas Aircraft Corp. 


Dr. JosBe JENKINS, (1959) 
Lockheed Aircraft Corp. 


Norman V. Pererssgn, (1959) 
Lockheed Aircraft Corp. 


Austin N. Stanton, (1958) 
Varo Manufacturing Co. 


EDITORIAL ADVISORY BOARD 


Dr. W. B. KLEMPERER, 
Douglas Aircraft Co. 


Dr. J. M. J. Kooy, 
Lector, K.M.A. 


Dr. I. M. Levirt, 
Franklin Institute 


Dr. G. GaMow 
University of Colorado 


Dr. F. A. Hrrcucocr, 
Ohio State University 


Dr. A. MIELE 
Purdue University 


THE AMERICAN ASTRONAUTICAL SOCIETY 


The American Astronautical Society, founded in 1953 and incorporated in 
New York State in 1954, is a national scientific organization dedicated to ad- 
vancement of the astronautical sciences. The society considers manned inter- 
planetary space flight a logical progression from today’s high-performance 
research aircraft, guided missile, and earth satellite operations. The scope of 
the society is illustrated by a partial list of the astronautical fields of interest: 
astronavigation, biochemistry, celestial mechanics, cosmology, geophysics, space 
medicine, and upper atmosphere physics, as well as the disciplines of astronautical 
engineering, including space vehicle design, communications, control, instru- 
mentation, guidance, and propulsion. The aims of the society are to encourage 
scientific research in all fields related to astronautics and to propagate knowledge 
of current advances. Promotion of astronautics in this way is accomplished by 
the society largely through its program of technical meetings and publications. 


AFFILIATIONS 


AAS cooperates with other national and international scientific and engineering 
organizations. AAS is an affiliate of the American Association for the Advance- 
ment of Science and a member organization of the International Astronautical 
Federation. 


MEMBERSHIP REQUIREMENTS 


All persons having a sincere interest in astronautics or engaged in the practice 
of any branch of science, which contributes to or advances the astronautical 
sciences, are eligible for one of the various grades of membership in the Society. 
Requirements are tabulated below. A special category of Student Membership 
has been authorized for full time students or those under 18 years of age. A nominal 
membership fee of $5.00 is made in such cases to cover publication costs. The 
Directors of the Society may elect as Fellows of the Society those who have made 
direct and significant contributions to the astronautical sciences. Information 
regarding individual membership as well as Corporate and Benefactor Member- 
ae may be obtained by writing the Corresponding Secretary at the Society 
address. 


Grade Contribution Experience or 
To Astronautics Scientific Training* 
Affiliate Interest none required 
Member 
Associate Direct Interest 4 years 
Member 
Member Active Interest 8 years 
Associate Recognized Standing 10 years 
Fellow and Direct Contribution 


* A Bachelor’s, Master’s or Doctor’s degree in any branch of science or engineering is equivalent to four 
six or eight years of experience, respectively. ‘i 


Cor. G. W. Hoover, 
USN Office of Naval Research 


Dr. H. O. StrueHoLp, 
USAF School of Aviation Medi 


PUBLICATION POLICY 


Manuscripts should be prepared in duplic 
typewritten on one side of the page only 
short abstract should be included. The aut 
should list his exact academic or comp 
position or affiliation. 


References to journal articles should include 
author, exact title with any subtitle, jour 
volume, page number and year of publicati 
Book citations should include: author, ex 
title, publisher, city, edition, and year of p 
lication. Line drawings should be made w 
India ink on white paper. Photographs must 
printed on glossy paper to be considered. Sh 
legends should accompany figures and tabi 


Security clearance is the responsibility of 
author. 


Statements and opinions expressed in pap 
published in The Journal of the Astronauti 
Sciences are the individual expressions of 
author and do not necessarily reflect the vie 
of the Board of Directors of the Society 
its Editorial Board. 


AAS Meetings: All papers presented at anni 
and regional meetings of the Society are 1 
ferred to the Editorial Advisory Board for o 
sideration for publication, unless the auth 
requests otherwise. 


Subscription Rates: One year $5.00; foreél 
$6.00; single copy $1.25: The Journal is pu 
lished quarterly and sent without charge 
members of the Society. 


Editor, Ross Fleisig; Associate Editor, Geor 
R. Arthur, Circulation Manager, George Clat 


oduction 


e are well aware of the fact that placing man in a 
ial vacuum, in a hermetically sealed container to 
on a normal living process and perform normal 
< was until recently considered a scientist’s dream. 
as a matter of small consideration to talk about 
living conditions of such a man. 
s recently as 1950 the writer and others of the New 
k University Research Division staff began to pose 
tions about the environment in closed space and 
overed that the questions tended to multiply as 
opened up additional items that must be fitted 
he complex. 
paper presented before the American Astronauti- 
Society in 1957! discussed a number of questions 
pointed up the need for a study of closed ecological 
ems and the engineering techniques requisite to 
handling, treatment, and disposal or recycling of 
erials appearing as wastes and by-products of 
an occupancy of the closed space. This study has 
n undertaken at New York University by the 
hor and his colleagues, Dr. William E. Dobbins, 
Gail P. Edwards, Mr. Elmer R. Kaiser, Dean 
wry J. Masson, Dr. Bernard Newman, Mr. Gerald 
evsky, and Mr. Lawrence Slote. The discussion 
t follows represents the consensus of thinking on 
part of the entire staff after review of literature 
conferences and field visits to other locations where 
arch on the closed space ecology and its problems 
been in progress. 
n the course of the literature search some 160 articles 
e been sufficiently informative to justify prepara- 
. of briefs on content. These are part of the overall 
ort to the Air Force Office of Scientific Research. 
m the information thus obtained an assessment and 
ew of present knowledge has been developed on 
h essentials as COs-O. conversion; treatment of 
ily wastes; recovery of usable water from contained 
urine, and other sources; removal of pollutants 
n contained air; and purification or disposal of 
ous liquid wastes. 
he conditions applicable to the need for any or 
ral of these essentials are related to the duration 
xtra-terrestrial flight. Such flight may be (1) of 
‘t duration, amounting to hours; (2) of intermediate 
ution, amounting to days; and (3) of long term, 
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amounting to weeks and months. This discussion deals 
almost entirely with the third problem, but the orienta- 
tion of research needs emphasizes that careful study 
should be made of factors affecting weight and volume 
of equipment required to process and maintain an 
environment with total conservation of mass balance 
and recycle of matter, as opposed to the principle of 
replacement of essentials such as oxygen and water by 
withdrawal from storage while polluted matter is 
ejected from the closed system environment. 

For conditions introduced by flight of short or inter- 
mediate duration, engineering economics may justify 
provision for partial or even total replacement of en- 
vironmental constituents. Long term operations seem 
impractical without plans for cyclic-use of the contained 
matter. Commentary and discussion of research needs 
related to the environmental complex will demonstrate 
the possible areas of research which may lead progres- 
sively to a healthful working space under a closed 
ecology. 


Bodily Wastes 


The handling of feces and urine, normally a matter 
causing little concern, can become a serious problem in 
a closed ecology. Gradwohl* has listed the more im- 
portant products present in feces: 


Indole CsH;N Odorous 

Skatole CyH N Odorous 

Paracresol C,;HsO 

Para-oxyphenyl-propionic Acid 
Volatile fatty acid 

Hydrogen sulphide HS Odorous 
Methane CH, 

Methylmercaptan Odorous 
Hydrogen Hy 

Carbon dioxide COz 

Protheoses 

Peptones 

Peptides 

Ammonia CH; Odorous 


Amino acids 

Some raw vegetables, unchanged, such as radishes, cole slaw, 
pickles, onion, skin of fruit, nuts, berries 

Mucus 

Tissue remnants, epithelial cells, muscle fibers, connective 
tissue 

Crystals, phosphates and many others 

Detritus 

Fats, neutral, free fatty acids or soaps, approx. 2 gm. daily 

Starch granules 

Bacteria, a great variety. 
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Bodansky and Bodansky, as reported by Bockus,’ 
in a study of feces of 40 males and 40 females found the 
mean total fat to be 17.5% of the dry material. About 
1 of the total fat was free fatty acid and 42.0% was 
neutral fat. The water content of feces has wide range 
but a mean of 78.9% was reported in the above study 
as the difference from a mean 21.1% dry solids. In- 
formation from a number of sources is such that for 
estimating purposes it would be safe to assume a 75% 
moisture content and a 25% dry solids basis. 

The quantity of feces per person is, of course, related 
to diet, and from both literature and studies by this 
author? it appears that a range of 100 to 150 grams per 
day per person is to be expected. Gradwohl* suggests 
an average of 102.8 grams per person per day. It may 
be estimated that dehydrated fecal material would 
amount to 20-25 grams per person per day. This quan- 
tity is small, but the difficulties in handling are many. 
At reduced atmospheric pressure outgassing may be 
anticipated. Hence, there is the need for rapid transfer 
to a closed system of handling so that the gases do not 
enter the atmosphere of the occupied closed space. 
Much of the water in feces is bound water and its 
recovery by extraction needs to be considered only for 
emergency. The basic problem appears to be one of 
handling and storage. 

Heat followed by freezing or even freezing alone will 
suffice to inactivate the material and permit its storage 
at O°F. or lower. It is believed that the cubage required 
for storage of even as much as 0.5 lbs. per day would 
not be above 0.02 cubic feet per day, and might be 
considerably less. It is a matter of conjecture at the 
moment as to the cubage that might be required for 
equipment to inactivate and freeze material for storage. 
Research on this matter should be directed toward 
determination of methods suitable for sealing off the 
material after evacuation and preparing it for storage. 

Flatulence will, of course, contribute unwanted gases 
to the closed space. Work of Fries is reported by 
Alvarez® to indicate that about one liter of gas per 
day is passed. The composition will vary with diet. 
Alvarez,® reporting on work of Ruge, has published the 
following information on the probable volumetric 
composition: 


Meat Diet 
Gas | Milk Diet hee eae Diet of Legumes 
24 hrs. | 48 hrs. | 72 hrs. 
CO; 16.8 BG) | AG |) TPS 8.5 | 34.0 | 38.4 | 21.0 
CH, 0.9 0.0 | 37.4 | 27.6 | 26.5 | 44.6 | 49.4 | 55.9 
H» 43.9 | 54.8 3.0 Pa Os 76 2.3 1.6 4.0 
No 38.4 | 36.7 | 46.0 | 57.9 | 64.4 | 19.1 | 10.7 | 18.9 


Flatulence will mingle with the room air and must 
be considered among the items to be treated in connec- 
tion with purification of the closed space atmosphere. 

Urine also is variable in quantity and composition. 
Hawk and Bergeim’ report the following: 
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Composition of Aver 
Normal Urine Dati 


Urine Constituent Excretion, Amt.—Gr 


Water 1200 
Solids 60 
Urea 30 
Hippuric Acid 0.7 
Uric Acid 0.7 
Creatinine 1.2 
Indican (Indoxy! Potassium Sulfate) 0.01 
Oxalic Acid as 0.02 
Allantoin os 0.04 
Amino Acid Nitrogen 0.2 
Purine Basis 0.01 
Phenols 0.2 
Cl as NaCl 12.0 
Na 4.0 
K 2.0 
Ca 0.2 
Mg 0.15 
S as SO2 2.5 
Inorganic Sulfates as SO; 2.0 
Neutral Sulfur SO; 0.3 
Conjugated Sulfates as SO; 0.2 


Urine is a possible source of usable water and ma 
a source of nutrients to be used in connection 
algae culture. However, it contains substances t 
may be toxic and therefore its possible treatment 
recover usable water requires careful and exten 
exploration. Dr. Newman of the project staff has d 
some exploratory work on this question. We find t 
distillation of a sample delivers unsuitable water at t 
beginning and end of the action. Approximately o1 
half of the sample delivered is of such quality fal 
might be subjected to further treatment in ion exchar 
beds and with activated carbon and possibly additio1 
filtration. However, the present thinking is that fre 
ing techniques may offer a better quality of recover 
water. It seems essential that research on the recove 
of usable water from urine be explored fully. 

Excretions from sebaceous glands and sweat glar 
contribute impurities to the contained air in the fo 
of water, salts, and detritus. Howell,’ reporting 
quantity of water loss, indicates that 25 to 40 gra 
per hour are lost through insensible perspiration w 
3 to 4 of that being given off from lungs. Approximat 
600 ml. of water is released from skin per 24 hov 
However, the quantity may reach 2500 ml. per he 
with strenuous muscular work. CO, release is estima’ 
at 7-8 grams per 24 hours and increasing with sweati 

Ingram,’ in a progress report on the project, « 
cusses skin excretions. The skin surface usually has 
acid reaction and may exert a bactericidal effect. L 
and fat may interfere with this reaction. The wa 
vapor loss from epithelial evaporation (insensible 
spiration) does not carry over solutes. However, 
sweat glands do release many electrolytes, organic ac 
and compounds, and inorganic salts in minute qual 
ties. Sebaceous gland secretions are mixed with swe 
and the composition is not exactly known. The fat 
oily material does contain in small quantities, cho 


, some simpler fatty acids, fatty acid esters, albu- 
, and inorganic salts. The sebum may spread over 
kin in a protective layer or may pack in the gland- 
neous surface as a cheese-like mass. Organic con- 
ents of what is thought to be a mixture of seba- 
s and sweat gland excretion is believed to include 
Il quantities of urea, uric acid, creatinine, lactic 
, ethereal sulphates of phenol and skatol, amino 
S, Sugar in traces, and albumin. 

review of the chemical composition of sweat by 
inson and Robinson?° offers a range of values re- 
ed by various research studies. The components 
here summarized: 


Sodium Chloride 

NaCl and water are the principal substances 
whose loss by sweating may affect the homeostasis 
of the individual to a serious degree. Concentration 
of NaCl is variable. Individual values as low as 
as 5 mEq/l to as high as 100 or 148 mEq/] have 
been reported. Average values ranging from 18— 
97 mEq/I have been reported in at least 86 sepa- 
rate studies. Normal output from skin (no sweat- 
ing) is ca. 0.2 mEq/hr. of Cl-. Sodium runs some- 
what higher because of other sources of Na. 
Potassium 

Lower than Na averages about 4.5 mEq/I with 
range from 1 to 15 mEq/l. Potassium concentra- 
tion varies inversely with the Na concentration 
and the Na/K ratio varies directly with the Na 
concentration. Na/K = 15 in unacclimatized men, 
dropping to 5 after a five-day adaptation period. 
Calcium 

Ranges from 1 to 8 mgm per 100 ml. 
Magnesium 

0.04 to 0.4 mgm/100 ml. 
Copper 

4.4 to 7.5 meg/100 ml. 
Manganese 

3.2 to 7.4 mcg/100 ml. 
Sulphates 

4 to 17 mgm/100 ml. 
Tron 

0.1 to 0.2 mgm/100 ml. 
I», F2, Br2 have been reported. 
Lactic Acid 

Values reported range from 4 to 40 mKq/I. 
pH 

Most observers found between 4 and 6.8. 
Glucose 

Extremely low. Reported from 0.1 mgm/100 ml. 
to 9 mgm/100 ml. 
Nitrogen 

Much more dilute than corresponding values in 
urine. Average values range from 23 mgm/100 ml. 
(tot. N) to 140 mgm/100 ml. 
Urea N. 

Averages ranged from 12 to 89 mgm/100 ml. in 
several studies. 


15. NH3N 
Most investigators report in range of 5 to 9 mgm 
per cent 
16. Creatinine 
Ranges from 0.1 to 1.3 and averages 0.4 mgm/ 
100 ml. 
17. Urie Acid 
Reports range from 0 to 1.5 mgm/100 ml. 
18. Amino N. 
Iixtremely low, but 18 different amino acids 
have been identified. 
19. Phenol and Histamine reported. 


More should be known about the sebum, both quan- 
titatively and as to deterioration. Study of determina- 
tion of sweat gland excretions is also indicated. The 
wastes resulting from personal ablutions containing 
skin excretions should be investigated to determine 
means of safe disposal or recovery for reuse. 


Wastes Handling and Treatment 


The wastes of a closed ecology occur as liquids, solids, 
and gases. Gaseous components are associated with 
both liquid and solid phase waste and are a principal 
consideration in the closed space air. Solids in quantity 
result from feces, but are also to be considered as a 
small but important constituent of urine, personal and 
other cleansing operations and room air. 


Algae Culture 


Attention has been given the idea that liquid wastes 
might contribute a source of nutrient in algae culture. 
If so, the dual problems of waste treatment and CO.— 
O. balance might have common solution. The green 
algae, chlorella and scenedesmus, have been used in 
studies of photosynthesis. Chlorella has a high rate of 
photosynthesis and low (by comparison) rate of respira- 
tion. Hence it has offered seeming advantages in the 
establishment of CO —O2 balance. Edwards! has ex- 
plored the literature extensively with respect to algae 
culture, and has enumerated as a part of that study 
what appeared to be desirable characteristics which 
an alga suitable for use in a confined space should have. 
The species of algae developed should: 

1. Grow efficiently at a high temperature, say 
40-50°C. 


. Give a high growth rate with higher rates of evolu- 


iS) 


tion of oxygen. 

3. Derive part of its CO». needs from bicarbonate ion 
(danger of high pH resulting would need phosphate 
buffer—perhaps). 

4. Grow in mass culture without change over long 
periods by recirculation of media. 

5. Be very hardy—resist contaminating agents and 
inhibiting substances. 

6. Have a pleasant flavor. 

7. Be free from toxic substances. 

8. Produce no substances which would inhibit its own 
growth. 
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9. Have good food value—as complete as possible— 
easily digestible. 
10. Be able to utilize the nitrogen from urine. 

It does not appear at the moment that algae can be 
utilized as a means of waste treatment, since the waste 
would have to be treated extensively before admission 
to the culture. There are many problems requiring 
further study before algae culture can be accepted as a 
means of obtaining CO.-O:2 balance under closed space 
conditions. 

In addition to the development of more suitable 
strains of organism, consideration should be given to 


mixture it would have to be cooled very quickly 
prevent the reverse reaction taking place. It wou 
be unusual if the recovery was more then 10 %. Th 
production of such high temperatures is a difficul 
one attainable probably only by means of an elect 
are or sparks or solar furnace. 

The carbon monoxide produced is very poisonot 
but could be converted to a harmless and perha 
ecologically useful product. 

In the foregoing reaction the form of energy to 
bring about the dissociation is thermal: It might 
fruitful to combine this with other forms of energy. 


possible mutation effects, the establishment of suitable Masson also explores the reaction of CO» with othe 
and easily supplied sources of nutrient, possibly from substances. The following are actual or potential reac 
chemicals, urine and wastes, toxicity of the developed tions: 


algae if used as part of human diet, the control of 
growth of biological contaminating agents, and the de- 
velopment of processing and harvesting equipment that 
will meet both cubage and weight requirements. 


CO,-O, Conversion 


Since there are some possible limitations of growth 
of algae for maintaining CO,—O» balance, it has been 
necessary to examine other possible methods of attain- 
ing CO: conversion. 

The treatment which has been occurring in nature is 
the process of photosynthesis. In simplified form the 
reaction may be written: 


Another possible form of the reaction might be: 
CO, +- HO —? (CoH Oe) n ae Oz + Q 


If this reaction can be made to take place in a non- 
living system (artificial photosynthesis), one might 
anticipate that oxygen would be made available and 
that a carbohydrate would be formed that might be 
made available for food or fuel or auxiliary energy. 
CO, would be removed as part of the reaction. Matters 
of materials balance and energy balance are involved 
here. A catalyst of some type is required. In nature the 
catalyst is chlorophyll. 

When carbon dioxide is heated to higher tempera- 
tures it breaks down in one of two reactions, or possibly 
both: 


DCO? COO, tO (a) 
DSSS e en tay (b) 


The temperatures required for the reactions are high. 
Masson has this to say in his report.!2 
(1) reaction (b) in all probability does not take 
place at least under conditions ordinarily attainable 
and (2) that even for this reaction (a) the tempera- 
tures required are very high (3000°C—app. 5400°F). 
At these temperatures the amount of molecular is 
only 18%. Higher temperatures serve only to disso- 
ciate the molecular oxygen into atomic oxygen. If 
the oxygen is to be recovered from the equilibrium 
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(a) CO2 + H:O Fee H.CO3 


This is the normal reaction with water at room: 
temperatures, but the product is unstable and is’ 
easily decomposed by a modest rise in tempera 
ture. This reaction should not be confused with that 
of photosynthesis. . 


(b) CO, + NaOH — NaHCO; 
2 NaHCO; + CO2 — NaeCO; + H20 


These reactions may be used to remove the COz 
from the enclosure but the use of Ca(OH). is superior. 


CO2 + Ca(OH)2 — CaCO; + HO 


The CaCO; is insoluble. 
(c) The reactions between carbon dioxide and 
hydrogen are interesting. They are: 


COs + 4H, a CH; + 2H.O (a) 
CO, 2:28, 9-0 2 28.6 (b) 


related reactions are: 


CO, + H, = CO a H.O (c) 
CO + 38H. — CH, + H:O (d) 
O- COs 2 CO (e) 


The foregoing reactions can be carried out under 
the environmental conditions existing in the closed 
system. The H. may be obtained by the electrolysis 
of water. 

In addition to the above reactions there is a vast 
spectrum of reactions by means of which many use- 
ful compounds may be produced. For example, the 
methane can be converted to CoHy and C,H» which 
in turn can be converted to CsHs and other cyclic 
compounds. Or the following catalytic reaction may 
be used to produce methyl alcohol: 


CO + 2H», > CH;0H 


Depending upon the choice of catalyst ethyl aleo- 
hol, acids and esters may be produced. 


(d) Kxereta, etc. can be decomposed to form NH; 
or the ammonia may be formed from other sources. 


In any case there is a significant reaction between 
CO, and NH:3. 


CO, ft 2NH; > NH.CO.NH, 
NH,.CO.NH, ——. NH.CO NH, + H,0 


(e) If concern is for the production of O» there are 
the reactions of water with alkali peroxides, i.e.: 


2 NazO, + 2H.O — 4 NaOH + Oz 
1 lb. Na2Oz produces 2.3 cu. ft. of Ov 
1 Ib. Li.O2 produces 3.9 cu. ft. of Os 


r by the electrolysis of water: 


Explorations and more intensive research into CO.-O, 
conversion may be productive in the following channels 
of effort: 

1. Induce greater efficiency in natural photosynthesis 
by acceleration of growth, using substances such as 
gibberelic acid. 

2. Investigate means for creating a synthetic cell using 
organic dyes and enzymes as chloroplasts. 

3. Study the effect of various forms of energy on the 

‘decomposition of carbon dioxide. 

4. Study the effect of the bombardment by electrons 

on carbon dioxide in various physical states. 


Closed Space Air 


The closed space air must be maintained in such 
condition that men can live and work in it. Palevsky™ 
discusses the several considerations involved. The con- 
trol of temperature, humidity, air motion, foreign 
matter, microorganisms, and the balancing of the CO.— 
O» ratio are all major factors to be considered in making 
the environment acceptable for habitation. The ventila- 
tion of the confining space is not merely the supplying 
of fresh air, or the replacement of spent Oz, but encom- 
passes the exhausting of heat, dust, toxic gases, fumes 
and noxious odors which may be present in the sealed 
space, while returning a usable, uncontaminated air. 
An examination of each of the above mentioned, singly 
and in relationship with each other, is necessary for an 
understanding of the problems of ventilation and air 
conditioning. 

There are three general methods of reducing the 
moisture content of the air: by compression, by adsorp- 
tion, and by cooling. Cooling below the dew point and 
condensing or freezing out the moisture is the most 
common method of dehumidifying. For this purpose 
the concepts employed in present day commercial 
equipment may be utilized to produce the desired 
effects within the closed ecological system. Modifica- 
tions with respect to size and weight may have to be 
investigated. 

Another possibility is the utilization of the tempera- 
ture gradient across the hull of the cabin. Exploratory 
investigations of the temperatures't suggest that at 


some location the cabin structure will have tempera- 
tures low enough to allow the use of freeze-out tech- 
niques. The engineering design of such a system re- 
quires more thorough investigation to determine its 
feasibility. 

That dehumidification is necessary for comfort con- 
trol is elementary, but more important is the fact that 
condensed water vapor from the enclosed atmosphere 
is one of the probable sources of water supply within 
the closed ecological system. 

The water vapor that is condensed out of the con- 
tained atmosphere probably may be a purer and less 
contaminated source of water than any bodily waste. 

Normally the air surrounding a living and breathing 
body is carried up by its own warmth and consequent 
lightness, thus allowing fresh air to take its place. But 
in a gravitationless system neither fresh nor foul air has 
weight, and there can be no convection currents. With- 
out air circulation, heat discharged from the hody would 
hang against the body causing intense perspiration, 
which in a saturated atmosphere would not evaporate. 
Body cooling effect would therefore be minimal. Non- 
circulation effects would also hold for the expired air. 
In a non-circulating atmosphere a motionless human 
body would soon become enveloped in expired air, 
rich in CO, and water vapor. 

Air motion imparted mechanically by a fan or other 
stirring mechanism to maintain the entire enclosed 
atmosphere in a state of turbulence or agitation is 
necessary. 

In any confined area in which activities transpire 
there are always to be found impurities or foreign mat- 
ter in the air. These materials are usually particles of 
organic matter which come from nose, mouth, and skin, 
and particles derived from the attrition of surfaces. 
These particles tend to produce odors. The organic 
particles produce normal body odors which are usually 
perceived in unventilated or even poorly ventilated 
areas. Within the contained atmosphere these body 
odors are to be anticipated and others which are not 
normally considered must be added. 

It has been stated that odors of themselves are not 
injurious to health, but indirectly they may affect 
health. As odors become extremely noxious, shallow 
breathing may induce Oy deficiency and its sequelae. 

At this time too little is known about the breakdown 
products and subsequent gasification of body oils, 
gland secretions, flatulence, halitosis, and bodily waste 
products to be certain of their non-toxic effects when 
accumulated in an atmosphere after cycles of reuse. 

The air purification system is envisioned as a train 
of absorbents and adsorbents which will remove the 
contaminants from the air by physical processes, chemi- 
cal reaction or electrostatic attraction. Solid state 
rather than liquid phase materials should be employed 
in order to prevent as much as possible additional 
pollutant carry-over in the air stream and subsequent 
condensation in the water supply. 


vu 
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H. L. Barneby, in a paper discussing the activity 
of activated charcoal required for air purification, 
offers a table which gives some rough idea of the quan- 
tity of charcoal required per year for odor concentra- 
tions of difficult intensity. As a guess, an odor index of 
2, 3, or 4 might be anticipated in the closed space. This 
corresponds to 0.1, 1.0, and 10 pounds of odor per 
million cubic feet. One pound per year of charcoal is 
required to treat 100, 10 or 1 cubic feet of space at the 
respective levels of concentration. Accordingly, for a 
space of 1,000 cubic feet the amount of charcoal re- 
quired may be between 10 and 1,000 pounds. It should 
be noted here that this amount is only enough to pro- 
vide for odor removal and is predicated on the assump- 
tion that some fresh air is available due to building 
leakage. It is also important that activated charcoal 
is not provided for CO, adsorption. Barneby points 
out that activated charcoal is relatively inefficient in 
removing CO, and should not be depended on for that 
action. 

Experiments conducted in 1942'° have shown that 
recycling of air in a closed room through air filters does 
little to change the overall room microorganism con- 
centration, even though a large number of organisms 
are caught on the filter. Newer types of air filters of the 
millipore type, or the impregnated resin deep filters 
are capable of removing over 99% of the organisms 
from air drawn through the filter,” !* but the residual 
concentration of microorganisms in the enclosed at- 
mosphere may still be high. 

Germicides, glycol sprays and other similar airborne 
materials may have a beneficial effect in reducing bac- 
terial numbers, but their effect on humans under con- 
fined conditions with continuous inhalation and inges- 
tion would require thorough study before they could 
be considered safe for use. 

In summary it appears that temperature control, air 
motion development, removal of particulate matter, 
elimination of odors and control of microorganism 
populations seem feasible with modifications of present 
day commercial equipment. A train of materials can 


be established such that turbulent air from the confinec 
cabin would be drawn through an activated carbor 
filter, a millipore, or deep bed filter, and chemical trair 
for specific materials such as CHa, H.S, and any others 
that may become apparent as more analyses of break 
down products are conducted. 

By the time the air has passed through the train ) 
most of the gross impurities have been removed. This 
leads to the assumption that the room air may provide 
the purest source of water available in the confined 
ecological system. This supply of water developed 
from the water vapor would undoubtedly contain small 
amounts of entrained or dissolved gases. What the 
effect. of these small amounts might be on the huma 
system is not known, nor did any of the library refer- 
ences examined indicate study in this field. 

It is conceivable that the human body, which is a” 
well-organized purification unit, can receive these” 
materials through inhalation, skin, or oral intake, and — 
detoxify them, if necessary, passing them out as waste 
products. If this be the case, many problems of train” 
contaminant removal are simplified by having the- 
human body act as its own purification plant. : 

Further research is much needed in conjunction with — 
the problem of air conditioning for a closed ecological 
system to ascertain the toxic limits for humans of the— 
several material exposures by ingestion, by inhalation, 
and by skin absorption. 

From the foregoing discussion it is obvious that there — 
are many environmental factors that require research. | 
Not until closed space air is maintained at safe and 
healthful levels, polluted liquids and objectionable 
solids are treated or safe practice in handling and dis- 
posal is devised, will it be possible to maintain human 
life for weeks or months in a closed space. The processes 
that are employed must not fail, since the environment 
will be totally dependent on the continuous and proper 
functioning of reclamation and conversion operations. 

It is to be anticipated that research directed along 
paths suggested here will permit early development of 
methods, processes, and equipment required. 
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Abstract 


Data from high-speed laboratory experiments, explosive 
craters, and meteorite impacts are correlated to obtain an 
approximate expression for depth of penetration in terms of 
target material properties and kinetic energy of the impacting 
particle. 


Nomenclature 


ec Speed of sound in target material 
D_ Diameter of crater (see Fig. 1) 

E  Young’s modulus of target material 

Ey Reference Young’s modulus = 108 psi 

h Depth of crater (see Fig. 1) 

M Mach number relative to target material, v/c 
U_ Kinetic energy of projectile before impact 

v Speed of projectile before impact 

V Volume of crater (see Fig. 1) 

me (3 0? ) 
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Introduction 


The practical problem of prediction of meteoroid 
cratering may logically be separated into two distinct 
problem areas: 

a) The probabilities of collisions with meteoroids of 
all sizes and velocities. 

b) The estimation of the crater size resulting from 
each collision. 

Assuming that the two solutions are completely in- 
dependent of each other when applied to any practical 
situation, (and since the two problems call for the use of 
widely different scientific disciplines,) only the latter 
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task is undertaken in this paper. The objective of the 
analysis, therefore, is to predict the depth of the crat er 
formed when a particle of known mass and velocity im: 
pacts upon a surface with known physical properties. 

The formation of a crater on the surface of a semi-} 
infinite plane target, whether caused by the penetration 
of projectiles at high speeds or by explosive attack, is & 
phenomenon which is the subject of considerable 
theoretical and experimental investigation currently. 
The impetus for these investigations has been provided 
by the need for military information on the cratering 
effects of large weapons and, in the case of high-speed 
impact, by the need for estimates of the effects of 
meteoroid impact on satellite vehicles, ballistic missiles, 
and space ships. This paper is concerned primarily. 
with the latter problem of hypervelocity impact, al- 
though it is found that experimental data obtained with 
explosives can be correlated with the impact data and 
are useful in filling certain gaps in the cratering picture. 

Although much effort has been expended in develop- 
ment of a theoretical treatment of the mechanics of the 
high-speed cratering process, reliance will not be 
placed upon such theories for quantitative estimates. 
Instead, theoretical predictions will be used only as a 
basis for selecting physical parameters of significance in 
correlating the expermental data and extrapolating to 
situations not covered by the experiments. 

That such extrapolations are necessary, at present, is 
evident from an examination of Table I, which shows 
laboratory data one order of magnitude too low on 
velocity and three orders of magnitude too high on size 
of impacting particle. Since it is known that the mech- 
anism of cratering is different at low and at high speeds 
(considering a ductile target material, for example, at 
low speeds the missile penetrates into the target making 
a hole with diameter of the same order as the missile 
size; while at high speeds the missile shatters and pro- 
duces a bowl shaped crater, as in Fig. 1, many times 
the diameter of the missile), the question arises whether 
one can extrapolate from the 5 km/sec data to the 73 
km/sec condition. The justification for this extrapola- 
tion is based on the combination of the particle impact 
data obtained in the laboratory with certain aspects of 


the explosive cratering data and the meteorite crater 
information. 


= 


TABLE I 


Test Data Compared with Environmental. Conditions of 
Meteoroid Impact. 


yea 


Environmental Condition Laboratory Test Data 


11-73 Km/sec* <5 Km/sec 
-~2 micronst ~lg" 


Impact Velocity 
Minimum size of 
_ projectile 

Target Materialt Any 
Pe Clay, 


of-paris, 


etc. 
* See Reference (1). Note that 1 Km/sec = 3280 fps 


face roughness caused by meteoroid impacts. 


jectile are relatively unimportant 


Aluminum, Brass, 
Concrete 
Magnesium, Cop- 
per, Lead, Plaster- 
Rock, 
Sand, Soil, Steel, 
Wax Wood, Zinc 


_ } It has been theorized that light pressure from the sun will 
blow very tiny particles away from our solar system. Although 
this lower limit on size of meteoroids is very much in doubt, it 
is found to be an important element in the calculation of sur- 


_ {It is estimated that the material properties of the pro- 


Impact experimentation has been done with pellets of 
the order of 4” in diameter or larger, whereas the 
meteoroid impacts of statistical significance for many 
applications (particularly when surface roughening is a 
serious consideration) are estimated to occur with 
particles below about 100 microns (0.004”) in size. 
It is therefore necessary to use scaling laws and to 
estimate scaling errors due to “size effects”, although it 
is problematical that such a procedure is valid down to 
particle sizes of the same order as the grains or crystals 
of the target material. 

The approach which follows is to analyze the volumes 
of craters and the shapes of craters separately, and then 
to combine these analyses to arrive at a formula for 
depth of meteoroid craters. The reasons for this method 
of approach are the following: 

(a) The scaled volumes of craters are found to be 
relatively independent of size and velocity effects, and 
may be related directly to the target materials. 


oa TABLE II 
Experimental Data—Crater Volumes 
Material Density Ib/cu. in c, fps E lb/sq in Avg. Nee in/ see Source of Paata 

Aluminum 24ST 0.098 17,000 WOS< lO Paty SK MOY 25 Fig. 4 
3.8 X 10-5 38 Ref. 3 
} Magnesium 0.063 17,000 6.5 X 108 4.2 xX 10°5 27 Fig. 7 
W Magnesium-Lithium 0.056 *4 500 *0.43 X 108 2.8 X 10-6 *1.2 | Fig. 5 

| 6:1 by wt. (calculated) 
! Steel 0.28 17,000 30 X 106 0.76 X 1076 23 Ref. 4 
ro LOE 66 Ref. 3 
Brass Ozst 12,000 Mey <M 0.62 X 106 10 Fig. 3 
Lead 0.41 4,000 2.56 X 10° 20 <el0m® 64 Fig. 2 
28 X< 1055 12 Ref. 7 

34 X 1075 87 Ref. 7 explos. 
cic 0.26 7,900 6.0 * 106 LAE Sas 8.4 Ref. 4 
Bs pes 0.32 | 11,900 UGS SAO A. 6 >< 107° 74 Ref. 3 
| : 
Wax (50°F) 0.032 | 2,100 ~50,000 62>< 10s! 3.2 Fig. 6 
(Calculated) 

0.087 10,000 BS 08 350 XK 107° 1000 Ref. 6 
eee WATE Ok Oe 29 Impact Contact Explos. 
Plaster-of-paris 0.081 10,000 ax 108 38)¢ 105° 114 Ref. 10 

| ae = ; | — | 1460 x 1076 = Ref. 7 Impact 
k a3 il Aim OP) 
: a ee ~0.050 ~6500 _—____ 2000-5000 1460 SG On com Ref. 7 Explos. 
Sand ~0.058 ~6500 Ref | 4000-10 , 000 1270 X 10° 8.9 Ref. 6 
Clay ~0.058 ~300 11 | 2000-4000 2310 X 1075 6.9 Ref. 6 


* @ = 4500 fps appears unreasonably low Use of ¢ = 14,000 fps results in much better correlation of VE/U—See Figure 8 
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(b) The shapes of craters, although more heavily 
dependent on size and velocity effects, may be extra- 
polated into the high velocity regions characteristic 
of explosions and meteororite craters (terrestrial and 
lunar). This type of experimental information may not 
be used in the volume analysis, since one does not know 
the size or kinetic energy of the meteorites. However, 
knowing the order of magnitude of the impact velocities 
of the meteorites enables one to extrapolate the crater 
shape data from low Mach numbers (projectiles from 
guns) to low supersonic Mach numbers (explosions) to 
hypersonic Mach numbers (meteorites), with earth as 
the target material. 


The Volumes of Craters 


One of the earliest correlations of cratering data was 
made by Felix Helié in the middle of the nineteenth 
century (Ref. 2), who observed that the volume of the 
crater was roughly proportional to the kinetic energy of 
the impacting projectile, the constant of proportionality 
being a function of the target material. Later investi- 
gators, in general, have agreed with Helié’s conclusion 
(Ref. 3, 4) with some exceptions (Ref. 5). In order to 
evaluate the validity of the constant volume-energy 
ratio for a given target material, the experimental data 
will be examined to determine whether this ratio is 
independent of velocity, material, and size of projectile. 

Figures 2 through 7 present the bulk of the laboratory 
data on cratering at high speeds, taken from Ref. 3, 4, 
and 5. Examination of Figures 2, 4, and 5 shows no size 
effect on the volume-energy ratio. Figures 2, 3, 5, 6, 
and 7 indicate no clear influence of Mach number on 
the V/U ratio; however, Figure 4 with it’s rather 
extensive data on aluminum, does indicate an increase 
in V/U with M at least in the subsonic range covered 
by the data. 

Some very rough data on the cratering of concrete 
has been extracted from Ref. 6. For projectiles of 
weights from 1.70 lbs. to 1000 lbs. striking concrete 
at about 1000 fps, the volume-energy ratio varied from 
230 X 10~* to 470 X 10- cu. in./in. lb, with no dis- 
cerneble dipendence on size of projectile. Data is also 
available for steel, zinc, copper, plaster-of-paris, ete. 
but these data did not cover a sufficient range of 
velocities or sizes to make correlations possible. 

Hope of discovering crater volume effects at high 
Mach numbers is afforded by the data on explosive 
craters in soil. It has been shown (Ref. 7) that the 
volume-energy ratio for buried explosive charges is of 
the same order of magnitude as the ratio for impacting 
projectiles, and the Mach numbers may be higher. If one 
permits the use of the concept of an effective impact 
velocity for an explosive charge based on the idea of 
an expanding sphere of gas of density equal to that of 
the explosive charge, and impact speed that of the 
rapidly expanding gas, then one may expect high ex- 
plosives to produce an “impact speed” of about 5000 
fps (rather than the commonly quoted detonation 
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speed of about 20,000 fps—see Ref. 8) and atomic ex 
plosions to have an “impact speed” an order of magr 

tude or two above that figure. Ref. 7 quotes a volum: 
energy ratio of about 1460 X 107° cu. in./in. Ib. f 
small caliber impact on soft rock at a Mach number 
perhaps 0.5, analysis of data in Het. 6 on explosiv 
craters in soil results in a peak vglume-energy ratic¢ 
(at optimum depth of the charge) of 2310 x 10 
cu. in./in. Ib. for clay and 1270 X 10~ cu. in./in. lb. 
for sand at Mach numbers of the order of 10 to 15 
and atomic explosion cratering at extremely high Mach 
numbers shows volume-energy ratios between 600 and 
900 cu. in./in. lb. with the ratio decreasing as weapon 
yield increases. Instead of being disappointed at th 
spread of values and lack of correlation of V/ U with M > 
one may conclude that these numbers are remarkably 
constant in view of the differences in Mach number, 
the differences in the mechanisms of cratering, and the 
variability of the properties of the soils. . 

To summarize the size effects: ; 

(2) Impact—No size effects for aluminum with 
particle sizes from #” to 3” at Mach numbers from : 
0.06 to 0.6; nor for lead and magnesium-lithium with 
0.22 and 0.50” cylinders at 0.25 < M < 1.5 and 0.60 <_ 
M < 1.7, respectively; nor for concrete with projectile 
weights from 1.7 to 1000 lbs. at M = 0.1. : 

(b) Explosions—No size effects for small charges in- 
soil, but the volume-energy ratio decreases as size in-. 
creases for very large charges. 

Summarizing Mach number effects: 

(a) Impact—Wax, lead, magnesium, magnesium- 
lithium, and brass with sparse data up to M = 5 
showed no correlation of the volume-energy ratio with 
Mach number. Aluminum, tested more thoroughly in 
the subsonic range, showed a distinct increase in V/U 
up to M = 0.6 and a tendency to become constant at. 
higher Mach numbers. 

(b) Explosions—Explosions in soil at very high 
Mach numbers showed results comparable with the 
results of impact at WZ = 0.5, although many undeter- 
mined effects were included in the data. 

If emphasis is placed upon the scarcity of experi. 
mental data and the fact that the test results at a 
single condition may show a spread of values of 3 or 4 
(which tends to obscure any correlations), it becomes 
apparent that any conclusions drawn from these test 
results must of necessity be preliminary in nature. 
Pending further systematic experimentation into the 
effects of projectile velocity, shape, composition, and 
size the estimate is made that the volume-energy ratio 
is a constant of the target material. Use of this ratio 
(not securely established even within the range of 
values of the parameters considered) for estimates at 
10 times the test velocity and with particles 100 times 
as small as the test pellets appears to be a questionable 
procedure. However, since there is no obvious reason 
why the ratio should change beyond the conditions 
tested, and since the linear dimensions of the crater 
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vary only as the } power of the volume, it is recom- 
mended that the oe volume-energy ratio be used 
for estimates of penetration at high velocities. 

Several physical properties of the target material 
have been proposed as the parameter for correlation 
with the volume-energy ratio; namely, modulus of 
elasticity, speed of sound, and heat of fusion (Ref. 4). 
The best correlation appears to be with modulus of 
elasticity, the reciprocal of which has the same dimen- 
sions as the volume-energy ratio. Fig. 8, which consists 
of a plot of the product of the volume-energy ratio 
and the modulus of elasticity versus modulus of elas- 
ticity (also see Table II), indicates that the correla- 
tion is rough. Use of the curve drawn through the 
scattered points (V, U and £ in consistent units) 


(0.26 
a 17.5 B (1) 
0 


for prediction of crater volumes for untested target 
material appears to fit the test points within about 1 
order of magnitude. 

Note that Fig. 8 represents a composite picture of 
the experimental data, obtained by lumping all data 
together regardless of Mach number, pellet size, pellet 
material, and other possibly significant parameters. It 
is anticipated that the scatter will be reduced when the 
effects of all important parameters are evaluated and 
taken into account. For example, one should perhaps 
consider concrete and plaster-of-paris as brittle ma- 
terials and thus to be classified separately from the 
ductile materials—thereby reducing the spread of 
data. Unfortunately, it is much too early to attempt 
such refinements, and Eq. (1) is proposed as the best 
rule-of-thumb estimate available at present. 


The Shapes of Craters 


Correlation of data on crater shapes is far more satis- 
factory than the correlation of the volume data, if one 
considers only the data obtained at high enough 
speeds to produce bowl-shaped or conical craters (at 
low velocities the projectile produces a hole in a ductile 
target with a diameter about equal to its own diameter). 
Without regard to the reasons for variation in shape 
such as materials or Mach number or size the total 
variation in shallowness (either h/D or h/V"") is 
within one order of magnitude, while the volume data 
had such a spread even after correlation. 

Figure 9, taken from Baldwin’s excellent book ‘The 
Face of the Moon” (Ref. 9) represents an attempt to 
assess the “‘size effect’? on crater shape independently 
of the effects of Mach number or materials. For the 
meteorite craters on earth and the moon (depths of 
crater from 10 feet to about 10,000 feet) this correlation 
may be fairly valid, since one would expect the mete- 
orites to travel at speeds which are not dependent upon 
size. However, it must be noted that the portion of the 
curve from 1 foot to about 100 feet in depth was ob- 
tained at very much lower Mach numbers than the 
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meteorite data, and it may well be the effect of Ma 
number which is pictured in this part of the curve. | 
this reason, the conclusion is reached that the larger thi 
crater, the smaller the value of h/V" for 10 feet < 
h < 10,000 feet, with no statement with regard t 
craters eraaller than 10 feet in depth. This conclusion 1 
substantiated by our experience in explosive craterin 
where the small craters scale reasonably well but the 
very large craters become shallower in shape. 
Information on the size effect on crater shape f 
materials other than earth indicates-that the effect is 
negligible, at least for the range of values tested. This 
range includes impact on concrete at a single velocity 
using projectiles from 1.7 lbs. to 1000 lbs., as well as 
impact on ieabiesy metals using oe a tod” in di 
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Ref. 9. 


fore, that the crater shape is independent of size, 
except for crater depths above about 10 feet and per- 
haps for very small particle sizes. 

Figure 10 illustrates the correlation of crater shallow- 
ness with Mach number, regardless of materials or 
sizes. Note that an effective “impact speed” of about 
5000 fps was assumed for the high explosive cratering, 
and the meteorite impact Mach number was simply 
placed at the edge of the plot (the velocity range 11 to 
73 km/sec would correspond roughly to Mach numbers 
from 70 to 400). Thus we find an approximate method 
of making use of the only source of experimental data 
obtained at very high Mach numbers, at least insofar 
as the effect upon shape of crater. 


~The most radical aspect of such extrapolation to 
rery high Mach numbers is, in the opinion of the 
uthor, the fact that it is based upon only one material — 
soil. The only other data on crater shapes at high 
fach number is for wax (Ref. 4), and this information 
‘onsists of 5 holes of elongated shape and only one 
powl-shaped crater at M = 5.5 (see Fig. 5). Values of 
i/ V"/8 for wax drop rapidly from about 5 at M = 1 to 
ubout 1 at M = 6. Whether the wax curve would fair 
nto the extrapolated curve of Figure 10 is problem- 
tical. It is therefore highly desirable to have some idea 
of the mode of cratering of a specific material before 
attempting to make use of the single curve of Figure 10. 
ithout the benefit of information on the manner of 
ratering, however, a fairly conservative number for 
rater shallowness appears to be the peak of the curve, 
amely 


= 08 (2) 


‘for supersonic Mach numbers. 


he Depths of Craters 


| In order to estimate the depth of penetration below 
the original surface of the target, one may combine 
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Fig. 10. Effect of Mach Number on Shape of Crater (see Fig. 
1 for ideal crater shapes). 


IEq. (1) and Eq. (2), with consistent units for U, E£, 


| and h: 
1/3 + 40.09 
ETE 
v0 


It is estimated that Eq. (3) will prove accurate within 
a factor of about 2 or 3 for materials which character- 
istically produce bowl-shaped or conical craters, and 


quite inaccurate for soft materials such as wood which 
permit deep penetration with a small hole diameter. 
Note that oblique impacts generally result in lower 
values of h and V, although for brittle materials the 
volume may increase somewhat with obliquity (Ref. 4 
and 10). 

The present paper correlates the experimental data 
on high-speed cratering using existing data which are 
somewhat incomplete. The resulting equations should 
prove useful however, in providing order-of-magnitude 
estimates of crater depths and volumes which may be 
applied to the calculation of penetration or surface 
roughness caused by meteoroid impacts. Although it is 
not anticipated that future investigation will radically 
change the conclusions reached herein, there are many 
areas of assumption which demand further scrutiny. In 
particular, experimental programs are recommended to 
isolate the effects of Mach number, size, and physical 
properties of the pellet; to classify materials into types 
such as soft, brittle, ductile, ete; and to approach the 
actual environmental condition of about 70 km/sec. 
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Temperature Equilibria in Space Vehicles 


R. A. Cornog 


Space Technology Laboratories, Ramo-Wooldridge Corp., Hawthorne, Calif. 


Abstract 


The equilibrium temperature reached within a space 
vehicle moving within the solar system is discussed. The 
effects of vehicle configuration, vehicle attitude, surface 
properties, and internal heat release are evaluated. Particu- 
lar attention is given to methods of vehicle design whereby 
the range of equilibrium temperatures can be set at some de- 
sired value. 


Introduction 


Several factors which determine the tempera- 
ture environment within a space vehicle will be dis- 
cussed in this paper. It has been assumed throughout 
that the vehicle is operating within the solar system 


SUN 


et heat input 
transferred from 
nearby objects 


Solar radiation, 


Heat generated 
internally 


Q 


SPACE VEHICLE 


Heat radiated 
into space, 


Q. 


SPACE 


Fie. 1. Heat balance within a space vehicle 


some distance from any planet. It is further assumed 
that steady state conditions have been reached. 

Papers dealing with related subject matter have been 
written by several authors.!-7 


Heat Exchange 


During the first part of the discussion attention 
will be directed to cases in which the thermal con- 
ductivity of the vehicle is so large that the body may 


* Presented at the Western Regional Meeting, August 18- 
19, 1958, Palo Alto, Calif. 
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be assumed to be at uniform temperature. Such i 
space vehicle is shown schematically in Figure 1. The 
quantity, Q,, denotes the heat which flows into th 
vehicle through its external surface from solar radia+ 
tion. A much smaller amount of radiation is also re? 
ceived from the planets and from the other stars. 

Eddington" has estimated that a passive black body 
in interstellar space will reach an equilibrium tempera- 


ture of 3.18°K. The corresponding radiation flux 


C 
C 


estimate has been made by Ambartsumyan."? 

The total energy brought to earth by cosmic rays 
has been stated by Neher! to be about equal to that of 
starlight. Even if the incident energy flux due to cosmie 
rays and other unknown factors is 10* times larger 
than previously estimated,!* the equilibrium tempera- 
ture of an inert black body in interstellar space will still 
be less than 40°K; the corresponding effect on the 
equilibrium temperature of a space vehicle within the 
solar system will be trivial. The vehicle may also have 
an internal heat source, such as a nuclear or chemical 
power supply. The rate at which the heat is released in- 
ternally is denoted by Q. The vehicle will itself radiate 
energy into space at a rate Q,. From the first law of 
thermodynamics and the requirement that steady state 
conditions prevail, it follows that 


At a distance from the sun equal to that of the earth, 
the total energy contained in the electromagnetic 
radiation striking the vehicle’s surface is about 1.35 
kilowatts/meter?} or about 125 watts/foot®?. Most of 
this energy is in the visible portion of the spectrum. The 
intensity of this solar flux in other portions of the solar 
system is given in Table 1. 

It is to be noted that on the surface of Mercury, the 
intensity of solar radiation is almost seven times what 
it is on Karth, while on Pluto, it is less than 14509 as 
strong as on Earth. 


Equilibrium Temperatures 


Only part of the solar radiation striking the surface 
of the vehicle is absorbed. The portion not absorbed 
is reflected. The term “absorption coefficient” is us- 
ually used to denote the fraction of incident light at 
some particular wave length which is absorbed by a 
surface. Experimentally, the absorption coefficient is 

} Based on a solar constant of 1.94 cal em min as meas- 


ured outside the earth’s atmosphere. More recently, a value of 
2.00 + 0.4 cal em min has been proposed. 


bserved to be a function of the wave length of the 
cident light, the direction at which the light impinges 
1 the surface, and, to a smaller extent, the tempera- 
ure of the material. The term ‘“‘absorbtivity,” A, is here 
sed to denote the absorbed portion of the total incident 
q olar radiation striking the vehicle surface and the term 
albedo” to represent the reflected portion. 

) Radiation from the surface of the vehicle is at the 


Q, = cBT* kw/ft?. (2) 


flere o is the Stephan Boltzman constant, FH is the 
Smissivity of the surface material, and T is its ab- 
folute temperature. The optical properties of some 
fommon materials are given in Table 2. 

With Equation (1), Equation (2), and optical prop- 
prties data of the external surface of the vehicle, the 
Wpquilibrium temperature of the assumed space vehicle 
an now be computed. The method used here is identical 
o that used by Sternberg! and others. The surface 


TABLE 1 
Intensity of solar radiation 
Distance from Sun, Astronomical Units Total Radiation Flux 
watts/ ft? kw/m? 
MOP 2 ee Ea ee eZee LOS e134 ><) 110# 
TE a 5 a 1.25 X 10* | 1.34 XX 10? 
meee). 387- (Mercury) ....:.....:.. 835. 8.95 
BO E25 (VENUS) its. das pees 238.6 PY 
) (G60) oe ee er 125. 1.34 
eS Om VUATIS ies Secs are awa vieaat ace 54.1 0.580 
Be OMI UPbeL) ie ecco os se Foe 4.62 0.0496 
BRA (SA UUILL)! 5. cet-cs = <0. a ys tomy IL eye 0.0147 
mae (WreaMUIS ee ... es acc 0 3 oe 0.339 0.364 X 107 
Bielie(Neptune))s's.c2...06+.-. 0.139 0.149 x 107 
POMC) eat = crisis timate aloe 0.080 0.859 X 1073 
ND ee ee ee ee 0.0125 1.34 X 4107+ 


TABLE 2 


Optical properties of various materials* 


Material OS ae Rs 

SiGe 1 a eta eee eee eee 100 0.04 0.02 | 2.0 

Aluminum, polished......... 100 0.10 0.05 | 2.0 
1000 a 0.06 


Aluminum, 2024, buffed and | 100 | 0.34-0.37 | 0.03 | 12.0 


DCINSE COE is Saneee cs arene 


Stainless steel, black......... 100 — 0.90); — 
1000 = O00 ia 
Stainless steel, polished......| 100 0.40 0.05 | 8.0 
{Fused quartz, bricks,........| 100 | 0.1-0.4 | 0.90 | 0.2 
| Hard rubber, asbestos....... 1000 a= 02903) 
Mimamp black. ...+.+....:...+. 100 0.95 0.95 | 1.0 
1000 = (coy || = 
| SiO on polished metal’....... 100 0.1 0.90} 0.1 
BR Os (6) So eecte Stee ca hee accel ote) Sea 6s 100 0.15 0.97 | 0.15 
| Titanium, 6A1-4V®........... 100 0.8 0.18 | 4.4 


* Buettner? states that the ratio of absorptivity of solar 
| yadiation to the low temperature emissivity may vary “from 
| ten for ideally polished metals such as aluminum and nickel, 
to one-tenth for ideal white.” 


temperature is uniquely fixed by the requirement that 
the temperature must be high enough to radiate into 
space all heat generated within the vehicle or absorbed 
by its surface (Equation 1). Sample calculations are 
shown in Figures 2, 3 and 4. In these cases it is assumed 
that no heat is released within the vehicle. In other 
words, the vehicle is moving passively through space. 
Figure 2 should not be used to compute the equi- 
librium temperature of low altitude terrestrial satel- 
lites. Such a satellite is usually shielded from solar 


absorption number 
emissivity 


oR 


Equilibrium temperature, 


Distance from center of sun, astronomical units 


Fig. 2. Equilibrium temperature of an inert sphere 


oR 


emissivity of front surface 


emissivity of rear surface 


Equilibrium temperature, 


1072 
Distance from center of sun, astronomical units 


Fic, 3. Equilibrium temperature of a thin plate normal to 
the sun. 


re} 


Equilbrium temperature, 


Angle of surface to incident radiation, degrees 


Fia. 4. Effect of attitude on equilibrium temperature of a 
thin plate located at one astronomical unit from the sun. 
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radiation during an appreciable portion of its period. J 1988 
Likewise, such satellites are exposed to reflected solar 
radiation as well as radiation from Earth. The methods 
used to compute temperature of a sphere under these 
conditions has been discussed by Tousey’ and others.” * 

The effect of an internal heat source on the equi- 
librium temperature of a body in space can be deter- 
mined from Figure 5. The same figure can be used for 
any portion of the vehicle if the portion in question is 
thermally insulated from other portions of the vehicle, 
is exposed, and is radiating. 


/ 


100 


Nw 
So 


Increase in surface temperature, 
a 
° 


ice | lal 


: 10 
Control of Temperature Environment : 
2 ae F 3 a : /ft 
If the attitude of the vehicle can be controlled, a ‘cas Milian a ated conan phe ; | 
powerful new tool is placed in the hands of the designer Fic. 5. Effect of added heat input on equilibrium tempe ) 
responsible for specifying the temperature environ- ture. 


rset 


ment. The same aspect of the vehicle can be presented 
to the sun at all times. If low vehicle temperatures are 
desired, the portions of the vehicle surface exposed to A 
the sun can be made highly reflective, while the un- . 
exposed portions can be covered with some material Geen aes Radiation - Sunlight 


Pia ‘i : Shield 
having good radiative properties. Alternatively, by Pegurabne gf 
changing the shape of the vehicle, the area exposed to 
sunlight can be made quite small in comparison with 


the portions unexposed or shaded. In many cases, how- _——B [a 

ever, it will be found to be more practicable to provide a / 

power driven refrigeration machine to cool portions of roa ERE N DOV Tiree sae ae | 

a space vehicle than to install the extensive special panes 

radiating surfaces suggested above. Fia. 6. Two types of radiation shielding 
Conversely, if it is desired to maintain a high equilib- ‘ 

rium temperature in the vehicle, a large parabolic mal energy must be radiated from the propulsion sec- 

reflector can be arranged so as to reflect solar radiation tion of the vehicle. Often the temperature of the radiator 

on the important elements of the vehicle, which are then will be high. Radiation emitted by a high temperature 


placed at the focal point of the mirror and surface 


radiator and impinging on other exposed portions of 
coated with material having a high absorbtivity. 


the vehicle might result in excessive temperatures, 
Thus, radiation shielding and thermal insulation might 


Vehicle Structure both be needed to maintain an acceptable temperature 


The restriction that all portions of the vehicle surface in the cargo or payload portion of such vehicles. 
be at the same equilibrium temperature is not always Rather involved designs may be required by some 
desirable. For example, the parabolic reflector just types of actual space vehicles. A design which may 
described will not, in general, be at the same tempera- provide a satisfactory temperature environment within 
ture as the bodies located at its focus. In general, the the vehicle when located in one part of the solar system 
heat received by a vehicle from solar radiation will be may be completely inadequate at some later time when 
reduced if the illuminated portions of the surface are the vehicle is located at a different distance from the 
insulated thermally from the rest of the vehicle struc- sun. To a certain extent, compensation for these 


ture. One way to reduce solar heat input is to use an um- 
brella or radiation shield arranged so as to shadow the 
vehicle. Two possible arrangements are shown in Fig- 
ure 6. 

In Figure 6A, the shield is placed so close to the 
vehicle surface that only the front sunlit side is free to 
radiate into space. In Figure 6B, the radiation shield 


changes in the intensity of incident flux of solar radia- 
tion may be obtained by appropriate changes in the 
attitude of the vehicle, or by changing the optical 
properties of its external surfaces. However, in most 
applications, rather more drastic changes are required 
in order to cope with a factor of 104 in radiation in- 
tensity, as in traveling from Mercury to Pluto, for ex- 


is placed far enough in front of the rest of the vehicle ample. 
so that both sides of the shield can radiate into space Some interesting problems are associated with the 


effectively. 

Radiation shields and thermal insulation are also 
desirable in many vehicles in which electric propulsion 
is used. In such vehicles, appreciable amounts of ther- 


temperature control problems of vehicles designed to 
approach close to the sun. As shown on Figure 3, a 
flat plate with suitable optical properties i.e. with 
A/(er + er) = 0.02, can be placed at 0.018 astronomical 
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nits (less than twice the sun’s diameter) from the 
enter of the sun without exceeding a temperature of 
DOO°R. Such a flat plate can, in turn, be used to shield 
vehicle, as shown in Figure 6B. Under these condi- 
‘ons, the angle subtended by the shield at the vehicle 
Faust be almost 30°, in order to shut out the sun’s dise. 
spherical vehicle placed at a distance slightly less than 
wice the shield diameter behind such a shield would 
ave 1s of its total solid angle, i.e., 16g of 4m steradians, 
bstructed by the shield. If placed at a greater distance 
“Whe vehicle would no longer lie within the umbra. If the 
urface emissivity of the sphere were equal to the absorp- 
fion number, the equilibrium temperature will be 


ort. However, the same conceptual approach can be 
ased if a second radiation shield, rather than a sphere, 


m turn, used as a shield for a spherical vehicle placed 
t a distance behind the second (and smaller) shield, 
second factor of temperature reduction will be ob- 


+ The same principle of cascading a number, n, of 
adiation shields can be used with the arrangement 
hown in Figure 6A. 

The temperature of the first (nearest the sun) shield, 
‘WP, , can be obtained from Figure 3, setting the emis- 
Bivity of the near surface, er , equal to zero, since the 
heat radiated back through the cascade of shields is 
small compared to the heat radiated from the front 
surface. If the emissivity, a, of the shield surface is 
Jsmall compared to one, and R is the ratio of shielded 
#Harea to exposed area, radiation-wise, of the vehicle 
(about 0.5 for a spherical vehicle), and the emissivity 
lof the exposed area of the vehicle is e, it can be shown" 
hat the vehicle temperature, 72 , will be given by 


1/4 
Pee ( oe) 1 (3) 


An inert spherical vessel, having an emissivity, ¢, of 
lone, and located as before, at 0.018 astronomical units 


from the center of the sun, and placed behind 10 (i.e. 


n 


= 10) closely spaced shields, each (except for the 


exposed outer surface of the first. shield) having an 
emissivity, a, of 0.04, will have an equilibrium tempera- 
ture, 7’, , of about 400°R. However, due to the change 
in the radiative properties of its rear surface, eg , the 
temperature of the first shield (nearest the sun) will 


be increased by a factor of 2 


1/4 
‘* in other words, from 


2000°R to 2400°R. 
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Book Reviews 


The Exploration of the Moon, Arthur C. Clarke, Harper & 
Bros., New York, 1954, $2.50 (112 pgs). 


This is an introductory text aimed primarily at giving a 
visual presentation of steps toward the conquest of space. 
Beginning with the launching of the first atomic missile, it 
covers such things as refueling in space, landing on the 
moon, establishing a lunar colony; and with the moon as a 
future base of operations, the ultimate mastery of more 
remote worlds and planets. Realizing how a picture is worth a 
thousand words, Mr. Clarke enlisted the aid of R. A. Smith to 
illustrate profusely through the text via drawings of possible 
configurations based on known technical advancements in the 
field. Each illustration has an explanatory facing page. 
Means of flight, logistical support, construction, and use of 
local materials for housing a planetary colony are dramati- 
cally portrayed. 

The book is divided into four phases; namely: 

1. The establishment of the first orbital satellite circling 
the earth, just beyond the limits of the atmosphere. 

2. The circling of the moon by a robot vehicle and the 
depositing on the moon of man-made instruments. 

3. The first lunar landing and establishment of human 
settlements or colonies. Coupled with this is a description of 
possible utilization of indigenous materials to construct and 
operate these colonies. 

4. The establishment of a permanent moon base and its 
use as a point of departure for travel to other planets. The 
only deterient immediately present, according to the author, 


concerning planetary flight is the harnessing of nuclear energy 
which now appears likely in the not too distant future. ; 

Basically, this text is for the layman interested in the new 
science of astronautics. Technically accurate, the material 
presented for the non-technical reader who is interested in 4 


general survey of the field. 
O. Frank Katrwinki 


The Handbook Of Rockets And Guided Missiles by Norma 
J. Bowman. Perastadion Press, Chicago, 1957, $6.50. 


This book contains a collection of much of the availabh 
published missile and rocket characteristics and performance 
These data were obtained mainly from aviation periodica 
and the press. While this source of information may not 4 
ways be accurate and complete, the compilation will n 
doubt prove useful to many technical writers and certain 
technical personnel. Because of the rapid developments that 
are now taking place in the missile and rocket fields, this 
volume is limited as an important reference work for weapon 
systems designers. Frequent addition to and revision of the 
data that are presented would be necessary on a continuing 
basis in order to provide a handbook of lasting significance. 

Noteworthy in the compilation of data is the inclusion of 
armament and missiles developed by foreign nations. The 
collection and organization of data in this connection is a 
worthwhile contribution of this Handbook. j 

H. L. SHAPIRO 
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Borat of Wecknical Papers 


for AAS Meetings 


At the suggestion of various members of the 
Society the Technical Papers Committee Chair- 
man, Dr. Horace Jacobs, has prepared a sample 
sheet of the basic requirements for technical 
papers to be submitted for possible inclusion in 
various AAS meetings. This is reproduced at this 
time for wide distribution. Abstracts of such com- 
munications should be typed single-spaced in a 
text width of 4.5 inches centered below the title 
and author(s) of the paper. The abstract can be 
brief and should not exceed 300 words in length. 
1. Introduction. A technical paper for publication 

in the AAS Proceedings should be typed on a 

good quality bond, 83 x 11 inches. Except for 

the abstract, page width is 63 inches and page 
length is 9 inches. Copy should be typed in 
standard elite, preferably on an electric type- 
writer, and should be suitable for offset. Cor- 
rections should be stripped in rather than 
erased. Text is single-space with double-space 
between headings, equations, items, and para- 
graphs. Major heads are all caps and flush left. 

2. Other Main Headings. The paper can be divided 
into principal sections as appropriate. Headings 
or paragraphs are not numbered. Secondary 
headings are in caps and lower case; they are 
flush left and underlined. 

a. Equations. Equations are as follows: 


(a?mo/ats?)(a?mo/as?) = 0 (1) 


Slashes should be used to separate numera- 
tor and denominator if it is conveniently 
possible. Equations are referenced in the 
text as equation (1), (2), ete. 

. Symbols. Slashes are also preferred to 
separate numerator and denominator in the 
text: m; = mo exp (—v;,/c). Where super- 
scripts and subscripts make single-space 
typing impractical, the lines where they 
occur can be typed in space-and-a-half 
or in double-space. 

. Greek Symbols. If tertiary headings are 
necessary they are flush left, upper and lower 
case, and underlined; text is run-in. Greek 
symbols can be prepared in one of the follow- 
ing Ways: 

(1) Typed by varitype 


(2) Typed by a mathematical typewriter 

(3) Hand-drawn. If this method is used the 
following should be noted: Use black or 
red ink, Draw symbols neatly. 
Above is an example of format for enumer- 
ations. They are indented 5 spaces. 

d. Tables. Table headings are centered above 

the table and have the following format: 


Table I 
THE HEADING IN ALL CAPS 


. Figures. Line drawings suitable for reproduc- 
tion may be inserted by the author at 
appropriate places in the text. If this is done, 
figures should be reduced consistent with 
clarity and space conservation. Captions 
are centered below the figure and have the 
following format: 


Fig. 1. The Caption of the Figure 

References to figures are made in the text 
by the designation Fig. 1, Fig. 2, ete. 
If line drawings are not inserted in the text 
they should be provided as original artwork 
or photostats suitable for reproduction. 
Glossy black and white prints should be 
provided for half-tone photographs. Each 
figure should be numbered and a caption 
provided. 

. References and Footnotes. References listed 
at the end of the paper are indicated in the 
text by a superscript Arabic number!. 
Footnotes are called out in the text by super- 
script. symbols *, -**).{,=y eteeotandard 
practices footnotes and references are 
acceptable. 


3. Conclusion. The AAS would appreciate it if 


each author would provide the Society with 
at least 100 preprints of his technical paper 
before the beginning of the session. These 
preprints should be presented in the format 
indicated above. However, illustrations 
might be interspersed in the text or placed 
at the end of the paper. 
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